Obeidat AZ, Nardelli P, Powers RK, Cope TC. Modulation of motoneuron firing by recurrent inhibition in the adult rat in vivo. Recent reports show that synaptic inhibition can modulate postsynaptic spike timing without having strong effects on firing rate. Thus synaptic inhibition can achieve multiplicity in neural circuit operation through variable modulation of postsynaptic firing rate vs. timing. We tested this possibility for recurrent inhibition (RI) of spinal motoneurons. In in vivo electrophysiological studies of adult Wistar rats anesthetized by isoflurane, we examined repetitive firing of individual lumbosacral motoneurons recorded in current clamp and modulated by synchronous antidromic electrical stimulation of multiple motor axons and their centrally projecting collateral branches. Antidromic stimulation produced recurrent inhibitory postsynaptic potentials (RIPSPs) having properties similar to those detailed in the cat. Although synchronous RI produced marked short-term modulation of motoneuron spike timing and instantaneous firing rate, there was little or no suppression of average firing rate. The bias in firing modulation of timing over average rate was observed even for high-frequency RI stimulation (100 Hz), perhaps because of the brevity of RIPSPs, which were more than twofold shorter during motoneuron firing compared with rest. These findings demonstrate that RI in the mammalian spinal cord has the capacity to support and not impede heightened motor pool activity, possibly during rapid, forceful movements. firing rate; phase lock; spike timing; spinal cord; synaptic inhibition
SYNAPTIC INHIBITION can differentially modulate the average rate and the timing of repetitive action potentials in postsynaptic neurons. Recent studies emphasize the influence of inhibitory input on timing of postsynaptic firing in mammalian neural circuits (e.g., Person and Raman 2012), as was shown in earlier studies of hippocampus (Cobb et al. 1995) , cerebellum (Gauck and Jaeger 2000) , cranial nuclei (Turker and Powers 2001) , auditory cortex (Wehr and Zador 2003) , neocortex (Wolfart et al. 2005) , and spinal cord (Fetz and Gustafsson 1983; Gustafsson and McCrea 1984) . For example, synchronous synaptic inhibition from cerebellar Purkinje cells can phase lock the firing of postsynaptic neurons in deep cerebellar nuclei without substantially reducing the nuclear cells' average firing rate (Person and Raman 2012) . Simulations and experimental findings demonstrate that postsynaptic spike timing is modulated when temporally discrete inhibitory postsynaptic potentials (IPSPs) delay spikes (Destexhe and Contreras 2006; Fetz and Gustafsson 1983; Moore et al. 1970 ) and, in some cases, induce rebound spiking (Bengtsson et al. 2011) . Inhibitory modulation of neuronal spike timing is thought to play a major role in information transfer and processing through neural circuits (Desmaisons et al. 1999; Fukui et al. 2010; Grammont and Riehle 2003; Person and Raman 2012; Sceniak and Sabo 2010; Windhorst 1977) .
Renewed emphasis on the role of synaptic inhibition in modulating postsynaptic spike timing brought us to reexamine its capacity to regulate the firing behavior of ␣-motoneurons. A source of synaptic inhibition of motoneurons that has long drawn attention is recurrent inhibition (RI). In this circuit, recurrent collateral branches of active motor axons excite a class of inhibitory interneurons (Renshaw cells), which, unless suppressed by synaptic input from descending or segmental afferent sources (Pierrot-Deseilligny and Burke 2005; Windhorst 1996) , generate IPSPs in homonymous and synergistic motor pools (Eccles et al. 1954; Hamm 1990; McCurdy and Hamm 1994; Trank et al. 1999 ). This circuit makes it possible for motor pools to adjust their activity through the RI they initiate. However, the normal operation of RI is unknown, and its role in motor control remains hypothetical (Alvarez and Fyffe 2007; Pierrot-Deseilligny and Burke 2005; Windhorst 1996) . Among its proposed functions, RI may limit the discharge rate of motoneurons (Granit et al. 1960; Haase et al. 1975; Katz and Pierrot-Deseilligny 1999) or regulate motor pool synchronization (Elble and Randall 1976; Lamy et al. 2008; Mattei et al. 2003; Williams and Baker 2009; Windhorst 1996) . Consistent with the idea that RI may have multiple functions depending perhaps on motor task (Lamy et al. 2008; Windhorst 1996) , it seems reasonable to propose that RI effects might shift between suppression and synchronization of motor pool activity.
There is ample evidence that RI can affect both average rate (Cleveland et al. 1981; Granit et al. 1960; Granit and Renkin 1961; Hultborn et al. 2003; Lindsay and Binder 1991; Pratt and Jordan 1987) and temporal patterns of spikes (Ellaway and Murphy 1980, 1981; Kudina and Pantseva 1988; Miles et al. 1989 ) occurring during the repetitive firing of spinal motoneurons. Effects of RI on the average firing rate of motoneurons vary widely in magnitude. Weak effects on rate are predicted because of the generally small amount of current generated by RI in motoneurons (Lindsay and Binder 1991) . Alternatively, motoneuron firing can be strongly suppressed or even stopped by RI (Cleveland et al. 1981; Granit et al. 1960; Granit and Renkin 1961; Hultborn et al. 2003 ). These strong effects may result when RI deactivates the persistent inward currents responsible for repetitive firing of motoneurons (Brownstone and Bui 2010; Hultborn et al. 2003) , although RI can also substantially reduce average firing rate even when persistent inward current activation is muted by anesthetics (Granit et al. 1960) . Independent of these effects on average firing rate, RI can also modulate the temporal pattern or short-term timing of spikes occurring in repetitively firing motoneurons (Davey et al. 1993; Kudina and Pantseva 1988; Mattei et al. 2003; Miles et al. 1989) . For example, antidromic electrical nerve stimulation intended to activate collateral motor axons in human subjects produces short-term effects on the timing of spike occurrence in repetitively firing motor units (Davey et al. 1993; Kudina and Pantseva 1988; Mattei et al. 2003; Miles et al. 1989) . While multiple lines of evidence in these and other studies of human subjects (Pierrot-Deseilligny and Burke 2005) suggest that RI is the spinal circuit responsible for this temporal modulation of motoneuron firing, they are nonetheless indirect. Greater confidence in attributing effects to RI can be achieved in studies of nonhuman animals. This advantage was taken in a single study of the cat (Ellaway and Murphy 1981) , in which collateral motor axons activated by electrical stimulation of ventral roots produced brief shifts in spike timing of motor unit firing in muscle stretch reflexes. To our knowledge, that study stands as the only one to examine the synaptic effects on motoneuron spike timing that are definitively attributable to RI. Therefore, the current understanding of the full potential of active motoneurons to achieve self-adjustment via RI remains incomplete.
The goal of the present study was to extend in vivo investigation of motoneuron firing modulation under experimental conditions that isolate modulation by RI. By performing electrophysiological studies on anesthetized adult rats, we tested the generalizability of RI effects in vivo, which have thus far been obtained only in humans and cats. Specifically, we examined how repetitive firing induced in motoneurons by intracellular current injection was modulated by antidromic electrical stimulation of motor axon collaterals in rats with dorsal roots cut to eliminate afferent activation of spinal circuits. Although this mode of activation of Renshaw cells is not physiological, this experimental approach is the only one available to achieve controlled and selective activation of RI, and in DISCUSSION we critically evaluate its physiological relevance. The central finding was that synchronized RI produced clear effects on the short-term timing of motoneuron spikes while having little effect on average firing rate. The capacity for RI to affect timing in motoneuron firing was supported by a process that shortened the duration of recurrent (R)IPSPs, which thereby remained temporally discrete and unfused even when RI was activated at high frequency. Suppression of average firing rate was undetected when RIPSPs were small and was counterbalanced by rapid rebound firing when RIPSPs were relatively large. We suggest that, depending on its synchronization vs. temporal dispersion, RI has the capacity to shift its effects on motoneuron firing between modulation of spike timing and suppression of average rate.
Portions of this study were presented in abstract form (Obeidat et al. 2013) .
MATERIALS AND METHODS
Ten untreated control adult female Wistar rats (240 -260 g; Charles River Laboratories, Wilmington, MA) were studied as approved by the Wright State University Animal Care and Use Committee. Each rat was anesthetized, subjected to a single terminal experiment lasting up to 16 h, and then killed by intraperitoneal overdose of euthasol (150 mg/kg).
Standard operating procedures were applied for obtaining electrophysiological data from the spinal cords of anesthetized rats (e.g., Bullinger et al. 2011) . Briefly, rats were deeply anesthetized by isoflurane (1.5-3% in 100% O 2 , inhalation) beginning and throughout all surgical and recording procedures. Respiratory rate (40 -60), end-tidal CO 2 (3-5%), oxygen saturation (Ͼ90%), heart rate (300 -500 beats/min), and core temperature (36 -38°C) were monitored and maintained at the indicated levels by adjusting isoflurane concentration and/or radiant heat and by scheduled subcutaneous injection of Ringer-dextrose solution. Surgical dissection was applied to expose the dorsal surface of the lumbosacral spinal cord and selected muscle nerves, including those supplying the medial gastrocnemius (MG), lateral gastrocnemius-soleus (LGS), and anterior biceps-semimembranosus (ABSM) muscles. Other nerves in the left hindlimb were crushed. After these preparations, rats were fixed prone in a rigid recording frame. The MG, LGS, and ABSM nerves were positioned in continuity on bipolar stimulating electrodes. Skin flaps were used to construct pools for bathing all exposed tissues with warm mineral oil. Lumbosacral dorsal roots (L 2 -S 2 ) were cut near their dorsal entry to the spinal cord on the left side.
Data Collection
Intracellular records were obtained from motoneurons with glass micropipettes (1.2-mm OD) filled with 2 M K-acetate (7-to 10-M⍀ DC resistance). Motoneurons were identified as MG, LGS, or ABSM from the antidromic action potentials generated by electrical stimulation of the corresponding muscle nerve (current strength 2.5 ϫ muscle contraction threshold, pulse duration 40 S). Only those motoneurons with stable membrane potential and antidromic action potential amplitude greater than ϩ60 mV were considered for further study. The next criterion for data collection, met by approximately one of three motoneurons, was that they generate trains of repetitive action potentials in response to suprathreshold injected current steps. With the experimental paradigm diagrammed in Fig. 1A , repetitive firing of motoneurons was examined during current injection repeated in either short (2 s on, 2 s off; e.g., Fig. 1A ) or long (10 -200 s; e.g., Fig. 2A ) steps. Repetitive firing was obtained with or without concurrent stimulation of the MG, LGS, and ABSM nerves at a variety of frequencies. All three nerves were stimulated synchronously with current strengths that were adjusted to activate all ␣-motor axons in each of two nerves (assessed from production of maximal whole muscle twitches) and, in the remaining nerve, only those motor axons below threshold for the motoneuron under study. This stimulus protocol was intended to coactivate the majority of motor axons from three motor pools so as to produce RIPSPs that were large enough to influence motoneuron firing. The limited time for stable recording from individual motoneurons precluded systematic examination of different RIPSP amplitudes by changing nerve stimulus strength. Additional current injection protocols were used to characterize motoneurons by their intrinsic electrical properties, including rheobase current (depolarizing pulses 50 ms in duration at the lowest strengths capable of initiating action potentials) and afterhyperpolarization (AHP) (suprathreshold pulses 0.5 ms in duration). Bridge compensation through the electrometer was used to balance the voltage drop across the electrode produced during current injection. Records of microelectrode voltage (intracellular and immediately extracellular) and current, together with records of the trigger pulses (Master-8) associated with peripheral nerve stimulation, were collected continuously through the CED Power 1401 Plus, digitized at 20 kHz, and stored on computer for detailed off-line analysis.
Data Analysis
We quantified the effects of RI on spinal motoneurons by measuring the properties of stimulus-evoked RIPSPs (Fig. 1B2 ) together with the effects of RI on the rate and timing of motoneuron discharge elicited by intracellular current injection (see Fig. 3 ).
RIPSPs. The synaptic potentials evoked by antidromic electrical stimulation (20 Hz) of muscle nerves were averaged (Ն25 stimulus pulses) from intracellular records at different levels of motoneuron membrane potential ( Fig. 2A ). RIPSPs-rest ( Fig. 2B1) were recorded with the motoneuron at resting membrane potential, i.e., no intracellular current injection. RIPSPs were also recorded when the motoneuron was depolarized by intracellular current injection: RIPSPs-firing ( Fig. 2B3) were obtained from the interspike intervals during repetitive firing, and RIPSPs-depol ( Fig. 2B2 ) were taken after repetitive firing was fully adapted. In addition to amplitude and time course parameters measured as shown in Fig. 1B1 , we also measured the latency from field potential onset to RIPSP onset and peak amplitude from RIPSP onset to peak hyperpolarization.
Modulation of motoneuron firing. We measured the effects of 20 pps stimulation of the RI pathway on motoneuron discharge behavior by comparing the mean motoneuron firing rate over a 2-s period with and without stimulation of RI ( Fig. 1A) and by looking at the effects of RIPSPs on motoneuron spike timing and instantaneous discharge rate. Figure 1B1 illustrates how these latter effects were quantified. The interspike intervals around the time of the RIPSP (marked by the upward arrow in Fig. 1B1 ) were classified as control (interval prior to the RIPSP), affected (interval in which the RIPSP occurs), and rebound (the subsequent interval). As shown in this example and described below, large RIPSPs (Ͼ2 mV) generally led to an increase in the duration of the affected interval and a decrease in the duration of the following interval relative to the control interval. For lower motoneuron firing rates (Յ60 imp/s), control intervals would include those that immediately follow the rebound interval. We are thus assuming that the main effects of RIPSPs are confined to the inter-spike interval in which they occur and the following interval; we did not investigate longer-lasting effects (e.g., Schultheiss et al. 2010), but these could contribute to overall changes in the mean firing rate.
The effects of RIPSPs on motoneuron spike timing and instantaneous firing rate depended upon the relative timing of the RIPSP within the affected interval. The relative timing of the RIPSP in the affected interval is quantified by the delay from the previous spike and the lag to the subsequent spike. The effects of RIPSPs on instantaneous firing rate were displayed as a peristimulus time frequencygram (PSF; Turker and Cheng 1994) , which plots the instantaneous firing rate as a function of lag (see Fig. 3 , B1 and B2). The relation between lag and RIPSP effects on spike timing was quantified by calculating peristimulus time histograms (PSTHs; e.g., Moore et al. 1970) , which plot spike probability as a function of lag. The occurrence of an RIPSP generally resulted in a decrease in spike probability at short time lags (a trough in the PSTH) followed by an increase in spike probability (a peak in the PSTH). One method of quantifying the size of the PSTH peak is to calculate the ratio of the peak bin count to mean baseline bin count over a range of lags prior to the stimulus occurrence (k; Sears and Stagg 1976). Because of the regular occurrence of RIPSPs, the PSTHs in this study often contained multiple peaks (e.g., Fig. 3C1 ), making it difficult to identify a baseline bin count. As a result, we quantified the PSTH peak by dividing the peak count by the average count across the entire PSTH (k*). The change in the length of the interspike interval produced by an RIPSP depends upon the delay between the RIPSP and the first spike in the interval. RIPSPs occurring early in the interval generally had little effect on interval length, whereas those occurring later in the interval produced an increase in interval length that grew with RIPSP delay. These effects were quantified by plotting interval length (as % of mean control interval duration) as a function of delay (also as % of control interval). We plotted the data in this fashion to allow easy comparison to previous work on RI in humans (Kudina and Pantseva 1988). However, these plots convey the same information as interspike interval shortening- The three types of plots presented in Fig. 3 , B-D, provide complementary information about the effects of RIPSPs on motoneuron discharge behavior in the presence (Fig. 3A, epoch 1) or absence ( Fig.  3A , epoch 2) of strong phase-locking between RIPSPs and motoneuron spikes. The PSTH (Fig. 3, C1 and C2) displays spike probability as a function of time from RIPSP onset but does not provide any information on RIPSP effects on instantaneous frequency; a peak in the PSTH can be associated with either an increase or a decrease in frequency (cf. Turker and Powers 1999) . The PSF (Fig. 3, B1 and B2) displays the effects of RIPSPs on instantaneous frequency but does not indicate how RIPSP effects depend upon the delay between the first spike in the affected interval and RIPSP onset. This information is provided by the lengthening vs. delay plot (Fig. 3, D1 and D2), which as stated above is equivalent to the more commonly used PRC, except for a change in scale.
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RESULTS
Synaptic potentials and repetitive firing were collected from 12 motoneurons: 8 ABSM, 3 MG, and 1 LGS motoneuron. The mean and range of values, respectively for rheobase current (9.0 Ϯ 5.0 nA, 2-18 nA) and for AHP half-decay time (16.0 Ϯ 5.0 ms, 6.7-22.7 ms; excluding 1 unusually long value of 39 ms) were similar to those reported earlier for anesthetized Wistar rats (e.g., Bichler et al. 2007; Bullinger et al. 2011; Seburn and Cope 1997) . There was no clear tendency in this sample of motoneurons for their intrinsic properties to covary with other measures in this study, i.e., the properties of RIPSPs or their modulation of motoneuron firing.
RIPSP Properties
The antidromic stimulation of motor axons applied here to study modulation of motoneuron firing produced IPSPs in all 12 motoneurons (e.g., Fig. 1B2 and Fig. 2B ). Conduction time through the intraspinal elements of this synaptic pathway (estimated from the onset delay between the antidromic motoneuron field potential and the subsequent IPSP; see tion through an interposed interneuron. Because of their disynaptic latency and activation by motor axon collaterals, we designate these IPSPs as recurrent (R)IPSPs and assume they are mediated by the same RI circuit documented in the adult cat (Eccles et al. 1954 (Eccles et al. , 1961 Hamm 1990; McCurdy and Hamm 1994) .
Both the size and time course of synaptic potentials were measured, since these parameters are known to influence postsynaptic firing (Fetz and Gustafsson 1983; Turker and Powers 1999) . Particular attention was given to RIPSPs measured when the motoneurons were depolarized (RIPSPs-depol; Fig. 2A2 ), because of their greater relevance than RIPSP-rest to motoneuron firing modulation. Table 1 provides descriptive statistics for the size and time parameters of RIPSP-depol. Data in Table 1 and Fig. 2 were measured for 20-Hz RI stimulation, which is the frequency at which RIPSPs were typically largest and the one that was consistently studied for all motoneurons sampled. The properties of RIPSP-depol were notably different than those recorded in the same motoneuron from RIPSP-rest. The enlargement of RIPSP-depol (Fig. 2C) Values are parameter values for recurrent inhibitory postsynaptic potentials (RIPSPs) recorded from motoneurons during adaptation of repetitive firing adaptation (RIPSPs-depol; Fig. 2B2 ) for recurrent inhibition (RI) stimulation at 20 Hz; n ϭ 12.
small, on average 0.66 Ϯ 0.54 mV in seven motoneurons and too small to reliably measure in five motoneurons.
Motoneuron depolarization also had a strong effect on RIPSP time course. For a representative case shown in Fig.  2B2 , the RIPSP-depol exhibited a faster rate of decay and shorter duration when the motoneuron was depolarized than when it was at resting membrane potential. All RIPSPs-depol were briefer than RIPSPs-rest (Fig. 2D) ; the sample average for half decay time was roughly twice as fast and the duration half as long for membrane potentials at which motoneurons fired before adaptation (Table 1 ). Figure 2B2 shows that rapid repolarization of the RIPSP-depol was followed by transient depolarization. Transient depolarization followed RIPSP-depol in 8 of 12 motoneurons but did not follow any RIPSP-rest. These observations suggest that transient depolarization was not directly produced by synaptic current but instead by activation (or removal of inactivation) of an inward current intrinsic to the motoneuron.
The RIPSPs most relevant to motoneuron firing modulation are those that occur when the motoneuron is not only depolarized, but actually firing. Although difficult to measure on a background of changing membrane potential, RIPSPs-firing were reliably distinguishable in portions of records at approximately the same point in the membrane trajectory during repetitive firing for seven motoneurons. Superimposed traces are shown from one firing motoneuron in Fig. 2B3 . RIPSPs-firing were similar in amplitude and duration to RIPSPs-depol (Fig. 2, C and D) . This comparison establishes that the changes in both amplitude and duration were not restricted to conditions underlying firing adaptation but were also expressed when motoneurons were engaged in repetitive firing. From these observations we conclude that the properties of RIPSP-depol, as opposed to RIPSP-rest, are representative of the RIPSPs-firing that were actually responsible for motoneuron firing modulation.
Modulation of Motoneuron Firing
We tested the effects of 20 pps stimulation of the RI pathway on the mean firing rate of eight motoneurons by comparing the mean firing rate elicited by 2-s injected current steps in the presence and absence of RI stimulation. In most of the cells, the level of injected current was varied in different sets of trials to get more than one control firing rate, leading to a total of 32 comparisons. The mean firing rate during RI stimulation was not significantly different from the control rate (37.05 Ϯ 22.13 imp/s with RI stimulation; 36.97 Ϯ 21.32 imp/s control; paired t-test ϭ 0.25, not significant).
Despite the absence of an effect of RI stimulation on the overall mean discharge rate, individual RIPSPs could have very strong local effects on instantaneous firing rate and spike timing. We quantified these effects by compiling PSFs, PSTHs, and lengthening vs. delay relationships across long stretches of repetitive firing produced by injected current steps of from 10 to Ͼ200 s in duration. The control firing rate typically declined slowly over the time course of these long steps because of spike frequency adaptation, so we subdivided the trials into sections in which the control rate did not vary by Ͼ10% and the pattern of RIPSP effects did not change. The effects of RIPSPs applied at 20 pps depended upon the control firing rate of the motoneuron, and often very slight changes in control firing rate (Ͻ10%) led to a marked shift in RIPSP effects, particularly on spike timing. Figure 3 shows one example of a shift in the pattern of RIPSP effects associated with a small decrease in firing rate. Figure 3A shows instantaneous firing rate as a function of time. In this example, there is a rapid initial drop in firing rate after the onset of the current step, followed by a slow increase over the first few seconds. When the mean rate of the control intervals is just over 60 imp/s the instantaneous firing rates fall into three bands, corresponding to the firing rates of control intervals (middle band), affected intervals (bottom band), and rebound intervals (top band) (Fig. 3A) . The PSF for this section (Fig. 3B1) shows that the firing rates for the control intervals (negative lags) cluster around 60 imp/s, whereas the rates for the affected intervals (short positive time lags) cluster around 50 imp/s and rates for the following rebound intervals are around 66 imp/s. The PSTH for this section (Fig. 3C1) shows multiple peaks in which the probability of a spike occurring at a given lag from the RIPSP is relatively high, separated by regions where the spike probability is zero. This phase-locking of motoneuron spikes to the timing of RIPSPs is also shown in the lengthening vs. delay relation (Fig. 3D1 ). Nearly all of the RIPSPs arrive at delays of Ͼ60% of the mean control interval duration, where they are very effective at lengthening the affected interval. (The phase-locking between the stimuli and motoneuron spikes prevents earlier delays from being sampled in this case.) All but a few of the lengthened interval durations fall outside the range of variation of the control interval durations (dashed lines indicate Ϯ2 SDs in Fig. 3D ).
There is a slow decline in the control firing rate over the course of section 1, which eventually leads to a collapse of the multiple bands of instantaneous firing rate into a single band. After a slight further decline in firing rate, a firing rate structure analogous to the three band pattern reemerges but the bands are not very tightly clustered. The RIPSP does tend to lengthen the affected interval, as shown by the drop in firing rate at short positive lags in the PSF (Fig. 3B2 ). However, there is relatively little phase-locking, as shown by the more uniform distribution of spike probability in the PSTH (Fig. 3C2) . The lengthening vs. delay plot (Fig. 3D2) shows that the RIPSP occurred over a wide range of delays from the first spike of the affected interval and that RIPSPs occurring at short delays do not significantly lengthen the affected interval (i.e., the lengths of the interspike intervals in which RIPSPs occur at short delays fall almost entirely within 2 SDs of the preceding control intervals).
In cells in which spike frequency adaptation was more marked it was often possible to delineate several successive periods with alternating patterns of phase-locking. Figure 4 shows one example of this multiple pattern behavior. Figure 4B shows PSTHs compiled for each of the delineated sections. Near the beginning of the trial (section 1) the control firing rate is 90.0 imp/s, and although RIPSPs are effective in lengthening the affected intervals and shortening the subsequent rebound intervals, these do not cluster into distinct bands, and the PSTH shows multiple small peaks. In section 2 the mean control interval firing rate is 82.3 imp/s, and this section shows a distinct banded appearance. However, the firing rates of the affected and rebound intervals change over the course of the section, so that the phase-locking is not reflected in the PSTH. The banded appearance reappears in section 4, when the mean control rate is 62.2 imp/s and the firing rates of the affected and rebound intervals are more stable, leading to a steady phaselocking pattern associated with large distinct peaks in the PSTH (as well as PSF and lengthening-delay plots qualitatively similar to those shown in Fig. 3, C1 and D1) . This tight phase-locking disappears with further decreases in the mean control firing rate. Figure 5 summarizes the relation between control firing rate and RIPSP effects on instantaneous firing rate ( Fig. 5A ) and phase-locking ( Fig. 5B ) for the trial shown in Fig. 4 . At all control rates, RIPSPs lengthen the affected interval and shorten the following rebound interval so that the net effects on firing rate (asterisks in Fig. 5A ) are relatively small at all of the background firing rates. As discussed above, the phase-locking effects of RIPSPs show more variation with changes in the control rate, and the strongest effect is observed at a control firing rate of 62 imp/s (Fig. 5B) .
We measured the effects of RIPSPs during long periods of injected current in 12 motoneurons. Each motoneuron yielded a number of different epochs at different control firing rates for a total of 78 epochs. The effects of RIPSPs on instantaneous firing rate depended on RIPSP amplitude. Across trials ob-tained from motoneurons receiving small RIPSPs (Ͻ2 mV, measured at spike threshold, i.e., RIPSP-depol), the firing rates for neither the affected nor rebound intervals were significantly different from those for the control intervals. In contrast, large RIPSPs (Ͼ2 mV) produced significant effects on the firing rates of both affected and rebound intervals (mean difference of affected vs. control ϭ Ϫ8.06 Ϯ 0.82 imp/s, paired t-test ϭ Ϫ9.86, P Ͻ 0.0001, n ϭ 56; rebound Ϫ control ϭ 4.19 Ϯ 0.65 imp/s, paired t-testϭ 6.49, P Ͻ 0.0001). There was also a smaller but significant decrease in the net change in rate (average of affected and rebound) compared with the control rate (net Ϫ control ϭ Ϫ1.94 Ϯ 0.18 imp/s, paired t-test ϭ Ϫ10.94, P Ͻ 0.0001).
The relation between control firing rate and RIPSP effects on instantaneous firing rate and spike timing is shown in Fig. 6 . As described above, small RIPSPs (Ͻ2 mV) had minimal effects on the firing rates of either affected (Fig. 6A) or rebound (Fig. 6B) intervals, and as a result these points as well as the values of the net change in firing rate (Fig. 6C) fall very close to the line of identity. For large RIPSPs (Ͼ2 mV), all of the points for affected intervals lie below the line of identity and A B Fig. 4 . RI affected instantaneous firing rate and spike timing in relation to motoneuron firing rate. A: multiple cases of phase-locked firing when motoneuron instantaneous firing rate (cf. Fig. 1 ) adapted to an exact multiple of 20-Hz RI stimulation (4:1 section 2; 3:1 section 4). B: PSTHs numbered for their acquisition from corresponding numbers in A. deviations tend to be largest for the largest control firing rates. The rebound firing rates are close to the line of identity for lower control firing rates but fall increasingly above the line as control firing rate increases. The increase in rebound rate for large RIPSPs partially compensates for the decreased rate of the affected intervals, but the net change in rate is still slightly negative (Fig. 6C) . Figure 6D shows the relation between RIPSP effects on spike timing and the control firing rate. Although there is no clear relationship, many of the largest k* values occur at firing rates that are slightly higher than a multiple of the stimulus rate (i.e., 40, 60, and 80 imp/s). There is also a great deal of overlap between the values for small and large RIPSPs, suggesting that small RIPSPs can have significant effects on spike timing even in the absence of a clear effect on instantaneous firing rate. Figure  7 illustrates an example of this phenomenon based on data from the cell with the smallest RIPSP (0.47 mV). There is no relationship between stimulus lag and instantaneous firing rate in the PSF (Fig. 7A) , and the mean firing rates for control, affected, and rebound intervals are not significantly different from one another. The absence of RIPSP effects on the affected interval is also evident in the lengthening vs. delay plot (Fig. 7C) , as nearly all of the points fall within the error bounds for the control interval. Nonetheless, the PSTH (Fig. 7B) shows a clear peak at a time lag of ϳ10 ms along with smaller peaks at longer lags.
Motoneuron Firing Modulation at High Input Frequency
Unusually long intracellular recording times for three motoneurons permitted us to also study the effects of highfrequency nerve stimulation. In these cases, RIPSPs were evoked in the same frequency range as the average firing rate of the motoneuron (70 -100 Hz). The purpose was to test whether higher input frequencies would be less effective than lower frequencies in modulating the timing of motoneuron spikes, and more effective in reducing rate. A shift from timing modulation to average rate modulation would be expected if synchronized RIPSPs fuse at high frequency to produce more sustained hyperpolarization. Results shown in Fig. 8 refute this notion. We found that synchronized RIPSPs-depol did not fuse at 100 Hz (Fig. 8A) or even up to 140 Hz, which was the highest frequency tested. It was not surprising then that input frequencies from 70 to 100 Hz had the effect of entraining the rate and changing the variance in motoneuron firing. Figure 8B shows the effects of 100-Hz RI stimulation that begins after the motoneuron has started to discharge in response to current injection. The firing rate variance increases after the onset of RI stimulation until the mean firing rate reaches 50 imp/s (period 2), where the variance is lower. High-frequency stimulation produces phase-locking, as shown by the PSTHs in Fig.  8, C1 and C2 , compiled over the two periods shown in Fig. 8B .
DISCUSSION
We studied the capacity of synchronized RI to modulate repetitive firing induced in adult rat spinal motoneurons by intracellular current injection. The characteristics of the IPSPs produced by antidromic stimulation meet the criteria for mediation by the recurrent inhibitory circuit, studied here for the first time in the adult rat in vivo. The primary finding was that RI had the capacity to alter the instantaneous firing rate of motoneurons with minimal or no effect on their average firing rate. We also found strong modification of motoneuron spike timing, e.g., phase-locked firing even when RI was stimulated synchronously at high rates presumed to be near to the physiological maximum for sustained firing. These results demonstrate the capacity of RI in the spinal cord to operate similarly to other CNS circuits (see introduction), in which inhibitory synaptic input can modulate spike timing while having little effect on the average firing rate of output neurons.
Recurrent Inhibition in the Adult Rat
Studying RIPSPs enabled us to verify that RI was the spinal circuit responsible for motoneuron firing modulation. The IPSPs studied here were evoked at disynaptic latency in homonymous and synergistic motoneurons by synchronized antidromic stimulation of motor axons. These features replicate those of RIPSPs well documented for the RI circuit in the cat spinal cord, which is the only other adult species in which A B Fig. 5 . Rebound firing followed RI-affected intervals to yield no change in average firing rate of motoneurons. Representative data shown for 1 motoneuron. A: plot of instantaneous firing rate for RI-affected and rebound intervals (see Fig. 1 ) and their average (net) vs. control firing rate. B: plot of relative peak size (k*) of PSTHs vs. control firing rate.
RIPSPs have been directly measured in vivo. Studying RIPSPs had the additional value of giving mechanistic insight into RI modulation of motoneuron firing. Particular focus was placed on RIPSPs occurring when motoneurons were depolarized to the level of repetitive firing. These are most relevant to firing modulation, and we expected them to differ from RIPSPs recorded with the motoneuron at rest. We found that RIPSPs were small, ϳ0.7 mV in motoneurons at rest, but substantially larger (ϳ4.5ϫ) when motoneurons were depolarized to firing levels. The increase in RIPSP amplitude is expected, because depolarization of the firing motoneuron increases the driving force for outward current through inhibitory channels. Even though these RIPSPs may produce relatively little inhibitory current (Hamm 1990) , depolarization-enlargement puts them in an amplitude range (0.5-3 mV) shown here and in earlier studies to significantly affect spike timing (cf. Fetz and Gustafsson 1983; Turker and Powers 1999) . When motoneurons were depolarized to repetitive firing levels, RIPSPs decayed in half the time of those measured at the resting membrane potential (Fig. 2D ). This finding stands in contrast with earlier demonstrations that IPSP decay time is increased by depolarization in rat neocortical pyramidal neurons (Williams and Stuart 2003) , reflecting the influence of a persistent sodium current that is activated (and deactivated) near threshold. Also, we are unaware of any voltage dependence of the conductance time course of the GABA receptors that dominate in determining the duration of RIPSPs (Cullheim and Kellerth 1981; Jonas et al. 1998; Schneider and Fyffe 1992) . Instead we assume that the RIPSP decay time was shortened by the influence of the RIPSP on motoneuron voltage-dependent conductances. One possibility, for example, is that RIPSPs act to partially alleviate Na inactivation in depolarized motoneurons. This possibility seems especially likely for RIPSPs measured from motoneurons that were depolarized but that ceased firing presumably because of accumulated Na inactivation (cf. Miles et al. 2005 ). This interpretation is consistent with the overshoot in membrane potential seen at the end of the RIPSP (Figs. 2 and 8 ), which appears to be the initiated but failed attempt of the adapted membrane to achieve action potential threshold. This mechanism may also be relevant in explaining comparable shortening of RIPSPs observed when motoneurons were firing repetitively. Regardless of the mechanism that shortened them, the RIPSPs that were readily measurable in firing-adapted motoneurons represented the shortened duration of those RIPSPs that were resolvable in firing motoneurons. This means that the period of time over which RIPSPs can modulate firing is substantially shorter than would be expected from the RIPSP recorded with the motoneuron at rest. It also means that even at physiologically relevant high frequencies, synchronous activation of RI activation in the rat is unlikely to achieve summation of RIPSPs and sustained hyperpolarization.
Synchronized RI in Rat Alters Instantaneous but Not Average Firing Rate of Motoneurons
Synchronized stimulation of RI produced dynamic patterns in the sustained firing of motoneurons (Figs. 3, 4, and 8 ).
Underlying these patterns, we observed a variety of effects of RI input on motoneuron firing output. One effect was produced in the interspike intervals containing RIPSPs. RI modulation of these affected intervals (defined in Fig. 1B2 ) was expressed in the PSTH as a tendency for lengthening of the interval (e.g., Figs. 3, 4, and 8 ) and in the PSF as a decrease in instantaneous firing rate (see PSF in Fig. 3, B1 and B2) . This modulation was theoretically predicted and experimentally demonstrated for synaptic inhibition in general (Fetz and Gustafsson 1983; Moore et al. 1970) , and for RI in particular as shown in one study of the cat (Ellaway and Murphy 1980). In addition, multiple studies of human subjects detail modulation of motorunit firing patterns that is attributed to RI based on indirect evidence (Kudina and Pantseva 1988; Mattei et al. 2003; Miles et al. 1989) , and those findings are supported here with much greater certainty in assigning the modulation to RI. Overall, we verify earlier reports (Cleveland et al. 1981; Granit et al. 1960; Granit and Renkin 1961; Granit and Rutledge 1960; Hultborn et al. 2003; Kudina and Pantseva 1988; Mattei et al. 2003; Miles et al. 1989 ) that RI indeed can lengthen the interspike interval, depending on a variety of factors (Fetz and Gustafsson 1983; Kudina and Pantseva 1988; Miles et al. 1989; Turker and Powers 1999) , including the arrival time of RI during interspike intervals (Fig. 3, D1 and D2) , background motoneuron firing rate (Figs. 3A, 4A, and 8B) , and strength of RI, i.e., RIPSP amplitude (Fig. 6) .
Lengthening of the affected interspike interval was coupled with shortening of the succeeding rebound interval (see Fig.  1B2 ). This effect can be observed in the PSTH but is more readily appreciated as an increase in instantaneous firing rate seen in the PSF (Fig. 3, B1 and B2) . Shortening of the rebound interval (faster instantaneous firing rate) was not the result of synaptic excitation or recurrent facilitation as has been suggested (Kudina and Pantseva 1988; Mattei et al. 2003; Miles et al. 1989; Uchiyama and Windhorst 2007) , since our intracellular records verified that antidromic stimulation produced no excitatory postsynaptic potentials in these studies. Instead, it seems more likely that mechanisms intrinsic to the motoneuron are responsible for this postinhibitory rebound as described earlier for developing motoneurons in rat (Carrascal et al. 2005) . Powers and Turker (2010) proposed that this rebound firing in motoneurons results from reduction of AHP conductance occurring secondarily to RI prolongation of the preceding affected interval. Consistent with this explanation, we observed a tendency for the duration of the rebound interval to vary inversely with the duration of the affected interval. Through this inverse relation, the durations of affected and rebound intervals were effectively offsetting, resulting in little net change in average motoneuron firing rate. These offsetting effects were apparent over a large range of background firing rates both for individual motoneurons (Fig. 4A, 2 and 4, and Fig. 5 ) and for pooled data collected from multiple motoneurons (Fig. 6) . The pooled data set in Fig. 6 revealed that the stabilization of average firing rate was not achieved solely by a shortened rebound interval but also by some additional contributor, possibly removal of slow Na inactivation.
We conclude that synchronization of RI provides an effective means of altering the timing of motoneuron firing independently from affecting average firing rate. Synchronized RI, whether relatively weak or strong, can produce clear effects on timing while having minimal effects on average rate. The timing of motoneuron firing was affected even when RI was stimulated at the upper end of the physiological range for rat motoneurons (100 Hz; cf. Gorassini et al. 2000) , probably because RIPSPs remain unfused, i.e., temporally discrete at these high rates. Over wide-ranging rates of RI activation and of motoneuron firing, RI achieved some degree of phaselocking in motoneuron firing. Overall, our findings suggest that the effects of synchronized RI are biased toward modulation of instantaneous firing and have little effect on firing rate.
Diverse Modes of RI Operation
Although RI network function during normal movement remains unknown, possible modes of operation have been carefully considered. The possibility that RI adjusts motoneuron activity through negative feedback seems straightforward given the recurrent-loop structure of RI and the fixed delay of antidromically activated RIPSPs. Simple negative feedback is generally discounted, however, on the bases that RI comprises a complex network of convergent and divergent interconnections and that RI is subject to modulatory influences from segmental and descending inputs to Renshaw cells (Gustafsson and McCrea 1984; Johnson et al. 2014; Koehler et al. 1984; Noga et al. 1987; Windhorst 1996) . These features of the RI network have the capacity to interfere with the transmission of temporally structured activity patterns of motoneurons. Indeed, computer simulation shows that RI network organization has the capacity to decorrelate activity among motoneurons (Maltenfort et al. 1998 ). These considerations, however, do not establish that RI functions only to decorrelate motoneuron activity, nor do they rule out the possibility that the RI network can be functionally configured in ways that convey and support temporally correlated motor pool activity (Windhorst 1996) . Certainly, the capacity of RI to correlate motoneuron firing is evident in the synchronizing effect that pharmacological enhancement of RI has on voluntarily recruited motor units in human subjects (Mattei et al. 2003) . Accumulated evidence from these and other studies might be best understood as revealing that RI can support both synchronization and decorrelation of motoneuron firing rather than one but not the other (Windhorst 1996) . It seems reasonable that the RI network might be functionally configured in multiple ways, as are other neural networks (Lindsey et al. 2012) . For RI, our findings demonstrate one mode of operation that supports temporally structured feedback to motoneurons over suppression of firing rate.
Comparison with Advanced Understanding of Inhibitory Modulation of Avian Thalamocortical Neurons
The current understanding of the versatility of inhibitory transmission has been significantly advanced by studies of the circuits responsible for song learning and plasticity in songbirds (Doupe et al. 2005; Goldberg et al. 2013) . In this circuit, inhibitory transmission from pallidal neurons in basal ganglia modulates the firing of thalamocortical neurons. This system offers distinct experimental advantages whereby pre-and postsynaptic neurons can be recorded simultaneously, not only in vitro but also in vivo in singing birds. Another advantage is that inhibition of each thalamic neuron is produced by a single pallidal neuron, thereby eliminating concern that the experimental effects of inhibition rely on the potentially artificial condition of synchronous activation of multiple inhibitory inputs. These advantages have been exploited to advance a wide-ranging and detailed view of inhibitory capacity, and we use this information here as a framework that may have value in guiding understanding of RI in mammals, which has proven more difficult to study. Essential features of inhibitory modulation studied in songbirds are formulated in a recent model of signal processing at pallido-thalamic connections (Goldberg et al. 2012) . This model includes processes whereby inhibitory pallidal input variously produces tonic suppression, gating, rebound, or entrainment in firing of thalamic neurons. All four of these modes are found in RI modulation of motoneuron spiking. Suppression of motoneuron firing rate is well established (Cleveland et al. 1981; Granit et al. 1960; Granit and Renkin 1961; Windhorst 1996) . One way in which RI can suppress motoneuron firing is by inactivating the persistent inward currents underlying repetitive firing (Bui et al. 2008; Hultborn et al. 2003) , and with discontinuous activation RI can gate motoneuron firing. In these ways, RI suppression could operate as in songbirds, in which pallidal inhibition can be gated on, off, or graded (Goldberg et al. 2012; Person and Perkel 2007) . We show here that when IPSPs are large enough RI can drive rebound firing in motoneurons (e.g., Fig. 3 ) as they do in the avian pallidal-thalamic connection (Leblois et al. 2009; Person and Perkel 2005) . Postinhibitory rebound firing is the primary mechanism by which RI can modulate motoneuron spike timing without also suppressing average rate (Fig. 6 ). Finally, we find that RI is sufficient to entrain motoneuron firing, in parallel with the findings of Kojima et al. (2013) , who report that pallidal inhibition is a primary driver of song-locked firing in birds. All of these modes of inhibitory modulation found in songbirds are also expressed in the mammalian RI, whether or not the underlying mechanisms are the same. For songbirds, expression of these various modes appears to be regulated by postsynaptic neuron excitability and/or integration of excitatory inputs (Goldberg and Fee 2012). In the case of other circuits in which neurons typically receive inhibitory transmission from multiple inputs, e.g., cerebellum (Harvey and Napper 1988), inhibitory modulation may be regulated also by the degree of input synchronization (Person and Raman 2012).
Physiological Functions of Recurrent Inhibition
The present study and all others to date in which RI modulation of motoneuron and motor unit behavior has been measured experimentally inform us about what RI can do but not necessarily what it does. It is possible that the effects reported for RI on motoneuron timing are more a reflection of artificial input than of normal operation. This possibility deserves care-ful evaluation, since there is no experimental substitute for artificial stimulation and the accuracy of computer simulations in representing real behavior is unknown. Here we assess the physiological relevance of synchronized RI activation in relation to real motor behaviors in which multiple motor pools are coactivated and many motor units fire with short-term synchronization. These behaviors include moderate levels of fatigue and tremor (Williams and Baker 2009; Windhorst 1996) and particular kinds of neck movements (Loeb et al. 1987 ) during which motoneurons fire synchronously. We also include ballistic movements in which multiple motor pools and many motor units are coactivated over brief periods (McAllister et al. 2014; Van Cutsem et al. 1998) . To the extent that these behaviors are roughly simulated by synchronous electrical stimulation of multiple motor pools and motoneurons, we consider the following. Our findings suggest that by synchronizing the RI network, motoneurons might circumvent strong RI suppression of firing rate that is counterproductive to force production. However, synchrony may introduce other problems for force production. Short-term synchrony among motor units yields less than linear summation of forces during isometric contractions (Rack and Westbury 1969), although not necessarily during dynamic voluntary contractions (Powers and Binder 1991) . Motor unit synchrony is also shown to reduce force steadiness in simulated contractions (Yao et al. 2000) . In contrast with these shortcomings, it has been suggested that increased motor unit synchrony might support high initial firing rates among motor units so as to increase the rate of force generation and, therefore, the speed of rapid voluntary contraction and possibly the rate of joint torque development (Johnson et al. 2014; Yao et al. 2000) . It seems then that the net benefit of motor unit synchrony may lie in promoting the speed of contraction without also diminishing force during dynamic contractions. Our findings suggest that the RI network has the capacity to promote these functions if synchronized by motoneurons or possibly by other mechanisms of RI network reconfiguration.
Alternative explanations have been offered to explain how RI might operate during heightened motor pool activity. It has been proposed that Renshaw cells are inhibited to permit forceful muscle contraction actions (Hultborn and Pierrot-Deseilligny 1979). It has also been suggested that a bias for stronger RI of slow compared with fast motor units (Eccles et al. 1961; Kuno 1959) would support vigorous movements by selectively inhibiting slow motor units that may hinder rapid movement (Friedman et al. 1981) . The latter possibility is challenged, however, by the failure of some studies to find stronger RI of low-threshold motoneurons (Lindsay and Binder 1991) and by the lack of a definitive demonstration that selective derecruitment of slow motor units is biomechanically advantageous (Bawa and Jones 1999) . Here we propose another mechanism of RI operation during rapid, forceful movements, whereby coincident firing among many motoneurons synchronizes RI, which in turn sustains coordinated spike timing among motoneurons without suppressing average firing rate.
